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GENERAL INTRODUCTION 
Crambe abvssinica. is an alternative oilseed crop being 
grown in midwestern United States. Crambe is a member of the 
mustard (crucifer) family and is of Mediterranean origin. It 
is a cool season, summer annual which grows to a height of 61 
to 91 cm. The growing season for crambe is very short, 90-100 
days. A large number of seeds are produced, up to 2270 kg of 
seed/hectare (2000 lbs/A), which are borne singly in small 
spherical pods. 
Composition 
Whole crambe seed has a wide range of protein and oil, 
17.4-25.0% and 17.7-36.4%, respectively, on a moisture-free 
basis (mfb) (1). Crambe oil has 55-60% erucic acid (C22:l), 
which is an important industrial fatty acid (1). Erucic acid 
is used in the production of erucamide, an anti-block, slip- 
promoting additive for use in plastic films, such as 
polyethylene. Other derivatives of erucic acid, behenic acid, 
benemyl alcohol, and ethylene brassylate also have high-value 
industrial markets. Ethylene brassylate serves as a fixative 
in perfumes and fragrances. Other end uses of crambe oil 
include waxes, lubricants, rubber additives and nylon 
applications (2). 
Generally, crambe oil does not compete with other 
domestic vegetable oils. Domestic production of crambe oil 
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would eliminate the current U.S. dependence upon Canadian and 
European sources of high-erucic rapeseed oil. A small amount 
of industrial rapeseed is often grown in Idaho, but supplies 
are limited and insufficient to meet domestic demand. Crambe 
seed has a higher percentage of erucic acid than high-erucic 
rapeseed (Table 1). Crambe seeds (7mm) are easier to dehull 
than rapeseed (3mm) an advantage in utilizing the meal for 
livestock feed. Rapeseed hulls are more tenaciously attached 
to the meats (cotyledons) than they are in crambe. 
Both rapeseed and canola (an oilseed developed from 
rapeseed through selective breeding) average around 40% oil 
content on a whole seed basis. The average erucic acid content 
of high-erucic rapeseed varies from 45 to 50%. The 
glucosinolate level in rapeseed ranges 3-7% (3). 
Glucosinolates (thioglucosides) are potentially anti- 
nutritional compounds especially when their hydroyzed. By 
definition, canola must have less than 2% erucic acid and less 
than 0.2% glucosinolates. Canola typically yields a meal 
containing 38-43% protein (4). 
Soybeans average around 20% oil on a whole seed basis. 
There are no measurable amounts of erucic acid and 
glucosinolates. Soybean meal typically contains 44-48% protein 
(44% for extracted whole seed and 48% for dehulled extracted 
meal) (5). 
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Crambe seed, like all crucifers, contains glucosinolates 
(thioglucosides) (Table 1). Whole crambe seed has 4.5-7% 
glucosinolates on a fat-free, moisture-free basis (6). 
Glucosinolates may be broken down in the seed by the enzyme, 
thioglucoside glucohydrolase (EC 3.2.3.1), often referred to 
as myrosinase, when the seed integrity is disrupted. When 
sufficient moisture is present, thioglucoside glucohydrolase 
hydrolyzes glucosinolates into toxic aglucon compounds. These 
aglucon products decrease feed efficiency and promote goiter 
in monogastric animals. Because of these problems, the Federal 
Drug Administration (FDA) limits the amount of crambe meal 
that can be used as a protein supplement in beef cattle 
rations to 4.5% of the diet (7). 
In order for crambe seed to be economically feasible for 
producers to grow, there must be an economic return from 
crambe meal. However, at present FDA-approved crambe meal 
levels, the meal is greatly underpriced relative to its 
protein content. The low allowable incorporation level of 
crambe meal adds overhead costs to feedlot management due to 
added blending and separate storage. Thus, the meal is heavily 
discounted and encounters weak market demand. Higher valued 
meal markets, such as protein supplements in poultry and swine 
rations, might be tapped if the protein content was increased 
and glucosinolates were removed. 
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The first objective of this study was to evaluate 
dehulling techniques. Successful dehulling crambe would be 
advantageous for several reasons. Since the crambe hull makes 
up 20-24% of the overall seed weight, shipping costs would be 
reduced if dehulled seed could be transported. More 
importantly, dehulling can improve extraction efficiency and 
yield meal higher in protein content. Dehulling must be 
carefully done so that little oil is lost. Oil can be lost in 
the hull fraction when the meats (cotyledons) are damaged or 
cut which cause oil to leak out of the meal and be absorbed by 
the hulls or by losing pieces of the meats if the meat and 
hull are not cleanly separated. 
The second objective of this study was to evaluate 
cooking temperatures/times and moisture levels prior to screw 
pressing to increase oil extraction efficiency. Results of a 
commercial full screw press crambe run were disappointingly 
high in residual oil. A possible reason for leaving so much 
oil in the meal was inadequate cooking prior to pressing. Lab- 
scale trials were done initially to survey conditions for 
improved screw pressing. Once identified, the improved 
conditions were evaluated in a pilot plant-scale trial. 
The third objective of this study was to develop an 
extraction method whereby both crambe oil and the 
glucosinolates could be extracted. In the first stage of 
extraction, 2-Propanol (IPA) was used at a concentration of 91 
6 
v/v% to extract the oil. A second stage of extraction was 
conducted at various concentrations of IPA to extract 
glucosinolates. 
Explanation of Thesis Format 
This thesis, "Processing and Oil Extraction of Crambe 
abvssinica" consists of three papers. All three were written 
in the format required for publication by the Journal of the 
American Oil Chemists' Society. The three papers will be 
submitted to the J. AM. OIL CHEM. SOC. for publication. All 
papers were written by Mark A. Reuber and edited by his major 
Professor, Dr. Lawrence A. Johnson. 
In Part 1, Mark A. Reuber did the wet chemistry and 
subsequent data analysis on all dehulled samples at Iowa State 
University. Dr. Lawrence A. Johnson, Iowa State University, 
did the dehulling trials at the pilot-plant facilities of the 
Food Protein Research and Development Center, Texas A&M 
University, College Station, TX. 
In Part 2, Mark A. Reuber conducted all screw pressing 
and cooking trials and analysis. The cooking and screw 
pressing trials were also conducted at the Food Protein 
Research and Development Center, Texas A&M University. 
In Part 3, Mark A. Reuber conducted the solvent 
extractions, wet chemistry and data analysis at the facilities 
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of the Center for Crops Utilization Research and Department of 
Food Science and Human Nutrition, Iowa State University. 
There is a General Summary following the three papers. 
The Literature Cited section in the General Introduction 
follows the General Summary. 
8 
PAPER 1. DEHULLING STRATEGIES FOR CRAMBE 
9 
Mark A. Reuber, Lawrence A. Johnson 
Center for Crops Utilization Research 
Iowa State University 
Ames, Iowa 50011 
and 
Leslie R. Watkins 
Food Protein R & D Center 
Texas A & M University 
College Station, Texas 77843 
10 
ABSTRACT 
Hulls make up 20-24% of the total seed weight of crambe 
seed. Dehulling crambe should facilitate improved extraction 
efficiency and marketing a high protein meal (>41% protein) 
which commands premium prices over low-protein counterparts. 
Also, it may be economically advantageous to dehull crambe 
seed before transporting to crushing facilities to reduce 
shipping costs, if oil quality can be assured. The 
effectiveness of roller milling/aspiration and impact 
milling/aspiration on dehulling crambe seed were studied by 
analyzing the meat (cotyledon) and hull fractions produced at 
different roller mill gap settings, impact mill rotor speeds 
and air flow rates in aspiration. Optimum gap settings for 
roller milling was 7/64” (0.28 cm) and optimum rotor speed for 
impact milling was 2400 rpm (4.45 x 10'2 N of centripetal 
force). The optimum aspiration was 1970 ft3/min (56 m3/min) in 
a cascade multi-aspirator. Roller milling and cascade 
aspiration produced a 46% protein meal at 12% moisture and 1% 
residual oil. 
11 
INTRODUCTION 
The bulk density of whole crambe seed was measured to be 
300 kg/m3, which is quite low. By comparison, the bulk density 
of soybeans is 772 kg/m3 (1) . This is due to the high 
proportion of seed weight being low-density hull material. The 
hull comprises 20-24% of the seed weight. Dehulling should 
increase extraction efficiency, facilitates marketing a high 
protein meal and eliminates the potential of unwanted 
materials in the hulls to be extracted with the oil. Also, it 
may be advantageous to dehull crambe to make shipping to 
regional crushing facilities more economical. The bulk density 
of dehulled crambe meats was measured to be 506 kg/m3. 
In the initial stages of development of the crambe seed 
industry, it is important to consider dehulling with respect 
to both screw pressing and solvent extraction of the crambe 
seed. Screw press extraction requires less capital outlay than 
does solvent extraction, therefore, screw pressing is often 
looked at in the initial stages of development of an oilseed. 
However, screw press extraction is not as efficient in oil 
recovery as solvent extraction, therefore, lower net oil 
yields, meal protein yields will be achieved. Economic 
analysis will have to focus on the cost of dehulling verses 
the oil and protein yields for these types of extraction of 
the crambe seed. 
12 
An effective dehulling process must meet several 
conditions. First of all, there must be complete cleavage 
(decortication) of the hull from the meat (cotyledon). 
Secondly, the loss of oil from the meat and its subsequent 
adsorption by the hull must be minimized. Thirdly, it is 
important to avoid the production of fines that are difficult 
to separate from hulls. Fines may also become dispersed in the 
oil-solvent mixture (miscella) which can foul evaporation 
equipment and reduce drainage of solvent from the bed of 
flakes (2). 
Different seeds vary widely in their ability to be 
dehulled with common oilseed processing equipment. In rapeseed 
(3 mm diameter), dehulling has been attempted using three 
different methods of decortication followed by air 
classification (3). One decortication method involved the use 
of a pneumatic impact mill. This method is based on the 
alternating rapid application and release of pressure to 
decorticate the seed followed by separation of the fractions. 
Using this method optimally, the separated hulls contained 3% 
meats (4). A second method used a roller mill. These mills 
have two corrugated rolls parallel with each other and an 
adjustable gap between them. The seed was decorticated as it 
passed between the two rollers. The gap between the rolls 
affects the nip angle and the grinding zone size. Typically, a 
wider gap produces larger particle sizes and faster 
13 
throughputs. However, there is an optimum gap setting for a 
given seed, roller size and type of corrugations (5). The 
third method of dehulling is to decorticate by deformation, 
then subsequent air classification of the different 
fractions (3). 
Crambe seeds should be easier to dehull than rapeseed 
because the hull doesn't adhere to the meats as tightly and 
the densities of hulls and meats differ greatly. In addition, 
crambe seed is larger than rapeseed. In crambe seed, hulls 
make up 20-24% of the overall seed weight compared to 14% of 
rapeseed. Thus, removing the hull greatly increased oil and 
protein levels in the remaining meats fraction. Currently, in 
Canada, there is a 15-20% premium for dehulled rapeseed meal 
over undehulled (6). 
A rotary disc impact mill, such as an Entoleter, is often 
used to break apart insect-infested grain so the insect parts 
can be separated away and destroy insect eggs. In addition, 
impact mills are often used in sunflower dehulling. Previous 
work has shown that the best method to decorticate oilseed 
types of sunflower seeds is to use impact-type mills (7). In 
the impact mill, the seed impacts through the longitudinal 
axis of the seed. It has been found that the lowest force 
required to break sunflower seed was with the load directed 
along the longitudinal axis. 
14 
The hull thickness of oilseed-type sunflower seed ranges 
0.16 - 0.50 cm. (7). By comparison, the thickness of crambe 
hulls ranges 0.018 - 0.028 cm. The faster the velocity of the 
impact mill, the faster the grain is flung outward where it 
breaks apart by impacting against the outer wall surface of 
the mill. The optimum velocity is that which allows effective 
dehulling while minimizing damage to the meats. Excessive 
force decreases oil yield by increasing oil absorption by the 
hull and increasing fines production. 
A roller mill dehulls by using two corrugated rolls 
turning at slightly different speeds to achieve cutting 
action. The width of the gap dictates the number of times a 
particle is cut and, thus, affects particle size distribution 
that is achieved. Roller mills are regularly used for soybean 
dehulling. 
Hull separation after decortication is usually 
accomplished using two methods. Air aspiration is a method 
commonly used to separate the meats from the hulls on the 
basis of different free fall velocities. Pieces of hulls and 
meats fall at different velocities due to their difference in 
specific gravity and particle size (8). Air is drawn in at a 
velocity fast enough to lift off hulls, as they cascade 
downward, but below the velocity of the meats in the same 
stream. 
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The other method to separate meats from hulls is by 
mechanical screening. The screens consist of wire mesh or 
punched out plate and separate on the basis of only size. 
Generally, the screens vibrate or rotate to provide sifting 
action. Generally, screening is used in conjunction with air 
aspiration initially after decortication to separate any 
undecorticated seed and large pieces of hulls. Smaller pieces 
that pass through the screen are then aspirated. Of prime 
importance is the mesh size of the screens so that a good 
separation of hulls can be made without loosing meats. 
The success of both aspiration and screening depends on 
proper decortication for a given oilseed whereby excessive 
fines are not produced. Fine meats are more difficult to 
separate from hulls than coarse meats. High oil and protein 
losses can result when high proportions of fines are produced. 
In the oilseed industry, two dehulling systems are used. 
Front end dehulling is a system where the seed is dehulled 
before extraction (solvent or screw press). This is now 
commonly done in the soybean industry. The advantages to this 
method are that the hull is removed before extraction which 
increases the capacity of the extractor. In addition, oil 
yields in most oil seeds are increased due to the absence of 
the fibrous hull which can absorb oil. Disadvantages to front 
end dehulling seeds are the capital costs for dehulling 
eguiptment and costs associated with the maintenence of this 
16 
equiptment. In addition, some oilseeds, such as rapeseed, have 
a large amount of oil in the hull (12-14% oil) which won't be 
recovered. 
The other system is tail-end dehulling in which the 
dehulling is done after extraction. The hulls are separated 
from the meal not from the seed. The advantage of this method 
is that seed size variability is not of concern (9). The big 
disadvantage to tail-end dehulling is the loss of capacity in 
the solvent plant due to the presence of the hulls. In 
addition, about 30% high protein meal is the maximum 
obtainable without some treatment at the head-end (8). Tail- 
end dehulling systems are cheaper than head-end systems but 
are declining in popularity for the above reasons. 
17 
MATERIALS AND METHODS 
Seed 
Dr. Donald Wolley, Agronomy Dept., Iowa State University, 
provided 227 kg (500 lbs) of crambe seed, Meyer variety. Seed 
was grown in 1988 at Agronomy Research Center, Iowa State 
University, Boone, IA and had a moisture content (m.c.) of 
7.5% at the time of use. 
Decortication 
All decortication trials were done at the pilot plant 
facility of the Food Protein Research and Development Center, 
Texas A&M University, College Station, TX. An Entoleter, 
impact mill (model 141 FDG, Division of Safety Railway Service 
Corp, New Haven, CT) was used. The Entoleter was evaluated at 
three different rotational speeds, 1750, 2100 and 2400 rpm 
(Fig. 1). The tangential speeds of the crambe seed being spun 
by the 14-inch (35.56 cm) disc were 32.6 m/sec, 39.1 m/sec and 
44.7 m/sec, respectively. The centripetal forces exerted on 
the seed in the Entoleter were 4.0 x 10'2 N, 5.7 x 10'2 N and 
7.45 x 10'2 N, respectively. 
A Blount/Ferrell-Ross Roller Mill (Blount, Inc., 
Buffington, IN), with a cracking roll of 30.5 cm diameter 
having spiral of 0.5 cm per 1.0 cm and 4 mm between 
corrugations, was used. The roller mill was evaluated at three 
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different gap settings, 5/64" (0.20 cm), 6/64"(0.24 cm) and 
7/64"(0.28 cm) as depicted in Fig. 1. 
Aspiration 
All samples (six samples) after roller and impact milling 
were aspirated using a Kice multi-aspirator (Kice Industries, 
Inc., model 6F6, Wichita, KS). This was done at the pilot 
plant facility of the Food Protein Research and Development 
Center, Texas A&M University immediately following 
decortication. Each sample was aspirated at three different 
air velocities: high air (50° butterfly setting) , 2470 ft3/min 
(70 m3/min) , medium air (40° butterfly setting) , 1970 ft3/min 
(56 m3/min) and low air (30° butterfly setting) , 1500 ft3/min 
(42 m3/min). All aspiration trials were triplicated. Fifty-four 
samples were aspirated into hull fractions and meat fractions 
resulting in 108 total samples for analysis (Appendix, Table 
Al) . 
Analyses 
Compositional analyses were done at the Center for Crops 
Utilization Research, Iowa State University, Ames, IA. A one- 
stage, ground grain, moisture determination method was used 
(10). Samples were finely ground by using a Magic Mill III 
Flour Mill (Magic Mill Co., model 100, Salt Lake City, UT). 
Samples of (3 g) were placed into weighed metal pans with 
20 
lids. The samples were heated at 130° C for 1 hr. The metal 
pans were weighed after cooling in a CaCl2 desiccator to 
determine moisture lost. 
Protein contents of hull and meat fractions were 
determined using the macro-Kjeldahl method, AOAC 2.056 (11) 
and a Tecator Kjeltec System (Tecator, Inc., Boulder, CO). The 
Tecator Kjeltec system was comprised of a digester (model 
1007), a distilling unit, (model 1002). To titrate, a glass 
50-ml Kimax burette was used with 0.1N H2S04. Sample size of 
1.0 g was used. 
Crude free-fat contents were determined in all samples by 
extracting with petroleum ether using a Goldfisch extraction 
apparatus, (Laboratory Construction Co., Kansas City, MO), and 
AOAC method 14.089 (11). Samples (2.0 g) were extracted for 5 
hr in extraction thimbles. 
Fiber determinations, on whole seed and on pure hull and 
meat fractions from hand dissection, were done by Woodson- 
Tenet Laboratories, Inc., Des Moines, IA. AOCS method Ba 6-84 
was used (12). 
Material Balance 
After milling/aspiration, both the hull and meat 
fractions were analyzed for oil, protein and moisture 
(Appendix, Table 1-A). Hand dissection of crambe seeds was 
21 
done to provide a benchmark for comparison. Hand dissected 
fractions were expected to give perfect hull-meat separation. 
Material balance calculations were done to determine the 
percentages of hulls in the meat fractions and the percentages 
of meats in the hull fractions based on the protein contents 
of the samples (Appendix, mass balance formulae) and hand- 
dissected seeds. Optimum settings were identified on the basis 
of percentages of hulls in the meat fractions and the 
percentages of meats in the hull fractions. Low values for 
each indicate better dehulling. 
Separate figures for solvent and screw press extractions 
were constructed using residual oil values of 6.0% and 1.0% 
(typically found in screw press and solvent extracted meals, 
respectively). To generate these figures, calculations were 
ry 
done to determine how much hulls were needed to be blended 
back with the meat fractions to make lower protein levels in 
the meal (Appendix, mass balance formulae). In these figures, 
oil, net hull and net meal yields are in kg/metric ton (mt) 
units on a moisture-free basis (mfb) with respect to 
increasing meal protein levels at 12% moisture content (m.c.). 
Figures depicting oil and protein losses with respect to meal 
protein levels are handled similarly. Units of kg/mt is 
typically used in the oilseed industry and soybean meal 
, .. -v , ■ * i 
frequently is sold on a 12% moisture basis. 
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RESULTS AND DISCUSSION 
Hand dissection 
Crambe seed hulls have very little oil, not much protein 
and a large amount of fiber (Table 1). Rapeseed hulls, in 
comparison, have 12-14% oil, 16-18% protein and 24-26% fiber 
(6). Therefore, dehulling crambe seed is even more 
advantageous than dehulling rapeseed. In rapeseed, dehulling 
can lower total oil recovery because of the high oil contents 
in the hull. 
TABLE 1. 
Analysis of hand-dissected crambe seed 
Moisture* Oil*b Protein‘b Fiberabc 
Fraction (%) (%) (%) (%) 
Whole seed 4.5 + 0.4 33.9 + 1.3 25.2 + 0.3 12.3 + 0.3 
Hull 10.4 + 0.3 1.2 + 0.1 8.8 + 0.3 42.6 + 0.8 
Meats 8.8 + 0.3 47.6 + 1.5 31.6 + 0.4 5.0 + 0.5 
‘Analyzed in triplicate. 
hMoisture-free basis. 
'Analyzed in duplicate. 
Roller mill 
Smaller gap settings (5/64" and 6/64") in the roller mill 
reduced projected oil yields from those experienced at 7/64" 
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Meal Protein (%, at 12% m.c.) 
2. Effects of roller milling/aspiration variables for 
dehulling crambe seed on screw press meal (oil yield 
LSD0 Q5 = 13.1) 
7/64" & 6/64", low aspiration 
3. Effects of roller milling/aspiration variables for 
dehulling crambe seed on solvent extracted meal (oil yield 
LSD00j = 13.1) 
FIG. 
24 
(Figs. 2 and 3). At the smaller gap settings the meats werecut 
into more numerous and smaller pieces which increased oil 
loss. Fine meat pieces were difficult to separate from the 
hull fractions. As the gap was reduced below 7/64", larger 
percentages of meats were aspirated with the hulls. 
At high aspiration levels with the roller mill, there was 
a large loss of meats to the hull fractions, decreasing oil 
yield. At low aspiration levels, higher meal protein levels 
could not be achieved due to some of the hulls remained in the 
meat fractions. 
Impact milling 
Using the impact mill at lower speeds (1750 and 2100 
rpm), lowered the maximum meal protein levels that could be 
achieved (Figs. 4 and 5). The crambe seed was probably not 
broken sufficiently to free the entire hull from the meat at 
lower speeds, therefore, some hull fragments remained in the 
meat fractions. 
At high aspiration levels with the impact mill, there was 
a large loss of meats to the hull fractions, decreasing oil 
yield. At low aspiration levels, higher meal protein levels 
cannot be achieved because hulls remained in the meat 
fractions. 
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Meal Protein (%, at 12% m.c.) 
4. Effects of impact milling/aspiration variables for 
dehulling crambe seed on screw press meal (oil yield 
LSDoos = 10*9 
5. Effects of impact milling/aspiration variables for 
dehulling crambe seed on solvent extracted meal (oil yield 
LSD0 OJ ~~ 10*9 
FIG. 
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Optimum impact verses optimum roller milling 
The optimum gap setting for the roller mill was 7/64" 
(0.28 cm) with intermediate aspiration, 1970 ft3/min (56 
m3/min). The optimum speed for the impact mill was 2400 rpm 
which generated 4.45 x 10'2 N of centripetal force. Optimum 
aspiration was also 1970 ft3/min (56 m3/min) for impact 
dehulling. At the optimum settings, the meat fractions was 
almost devoid of hulls without loosing large amounts of meats 
to the hull fractions. The hull fractions from impact 
milling/aspiration contained over one and one-half times more 
oil than it did with roller milling/aspiration (Table 2). In 
addition, the net hulls fraction was 23% larger for impact 
milling/aspiration than for roller milling/aspiration and 36% 
larger than the net hulls fraction for hand dissection. This 
was due to the loss of some meats to the hulls fraction. 
Roller milling/aspiration, at the optimum settings, was nearly 
able to achieve the oil yields experienced in hand dissecting. 
There was 10% less oil in the meats fraction of optimum roller 
milling/aspiration than found in the meats fraction with hand 
dissection. 
Figures 6,7,8 and 9 show that oil and meal yields with 
respect to meal protein levels (12% m.c.) were much lower 
using impact milling/aspiration at the optimum dehulling 
settings than those of roller milling/aspiration. In addition, 
oil losses and net hulls yields were higher when using impact 
Oi
l 
Yi
el
d 
(K
g/
M
T,
 
m
fb
) 
27 
FIG. 
FIG. 
6. Oil and meal yields when screw pressing optimally 
dehulled crambe seed (oil yield, net meal LSDoos = 8.4, 
25.4, respectively) 
n 
E 
cr> 
o 
OJ 
7. Oil and meal yields when solvent extracting 
optimally dehulled crambe seed (oil yield, net meal 
LSD005 = 8.4 , 25.4 , respectively) 
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FIG. 8. Oil and protein losses and net hulls when screw 
pressing optimally dehulled crambe seed (oil and protein 
losses, net hulls LSD005 = 7.6 , 31.5 , respectively) 
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FIG. 9. Oil and protein losses and net hulls when solvent 
extracting optimally dehulled crambe seed (oil and protein 
losses, net hulls LSD005 = 7.6 , 31.5 , respectively) 
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milling/aspiration. Again, this was attributed to the loss of 
some meats to the hulls fraction. Oil yield decreased as meal 
protein level increased in both types of milling/aspiration, 
TABLE 2. 
Yields and compositions of crambe meats and hulls for various 
dehulling strategies at their optimum settings 
Meats Hulls 
Hand dissected 
Protein % (mfb) 31.6 8.8 
Oil, % (mfb) 47.6 1.2 
Weight, kg/metric ton (mfb) 788.4 211.6 
Optimum roller millina/asoiration 
Protein % (mfb) 30.5 11.4 
Oil, % (mfb) 42.6* 8.1* 
Weight, kg/metric ton (mfb) 746.1* 254.0* 
Optimum impact millina/aspiration 
Protein % (mfb) 30.3 13.8* 
Oil, % (mfb) 43.5* 14.2b 
Weight, kg/metric ton (mfb) 670.6b 329.6b 
•significant, (P < 0.05) from hand dissected. 
bsignificant, (P < 0.05) from hand dissected and roller 
milling/aspiration. 
as well as, for hand dissection. This represents oil loss due 
to the increasing removal of the hulls fraction by aspiration 
to achieve increasing protein meal levels. The hulls fraction 
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is not extracted, therefore, oil contained in this fraction is 
not recovered. The hulls fraction contains oil normally 
present in the hulls, as well as, any oil adsorbed by the 
hulls due to leakage from bruised meats during dehulling and 
oil contained in fines of meats removed along with the hulls. 
It was possible to make a 44 to 46% protein meal at 12% 
moisture when using solvent extraction. This is similar to 
what can be obtained with soybean meal; therefore, dehulling 
may allow crambe meal to compete with soybean meal for animal 
feed markets on a protein basis. When using full screw press 
extraction, 42.5% protein meal was the highest value 
obtainable. Economic analysis of costs of full screw press 
extraction verses cost of solvent extraction and the value of 
the residual crambe oil in the meal would have to be done to 
determine if crambe meal from full screw press extraction 
would be attractive for animal feed. 
The roller mill was more effective than the impact mill 
for decorticating. The data indicates lower oil yield when 
using the impact mill. This was probably the result of more 
bruising of the meats and fines production when using the 
impact mill. 
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ABSTRACT 
Effects of different cooking conditions (time/ 
temperature and moisture content) on oil recovery of crambe 
seed flakes were surveyed using two different laboratory-scale 
screw presses. Although there were significant differences in 
residual oil contents of presscakes, when crambe seed flakes 
cooked at different conditions, no clear and consistent trends 
were noted. Dehulling did not consistently improve oil 
recovery. The Anderson Midget Press consistently produced 
press cake with lower residual oil contents than did the 
Rosedowns press. Cooking at 88°C for 20 min, then drying by 
heating to 108°C, achieved 9-10% residual oil with flaked whole 
seed (6% moisture) or flaked dehulled meats (7% moisture) by 
using lab-scale presses. When using a half-scale pilot plant 
press with the same conditioning treatment, 9% residual oil 
was achieved using flaked dehulled meats and 16% residual oil 
using flaked whole seed (commercial practice achieved 14% 
residual oil on a moisture-free basis). 
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INTRODUCTION 
Screw pressing is not as efficient in extracting oil as 
solvent extraction. However, it has advantages of lower 
installation costs, fewer safety hazards, and most importantly 
for a crop like crambe, it is easily adaptable for smaller 
capacities. Thus, during early development of crambe, it is 
important that efficient full screw pressing technologies be 
developed for crambe. 
The operation of a screw press is very much like that of 
an ordinary hydraulic stroking press (1). A column or plug 
of compressed meal is formed along the discharge end of the 
barrel of the press, which has the equivalent function of a 
hydraulic presshead. Under stable operating conditions, the 
column of compressed meal remains the same length. While new 
cake is being formed, at the near end of the column, cake is 
expelled from the discharge end (choke) of the press, at the 
far end of the column. New material is continuously rammed 
against the column of compressed meal. Inside the barrel 
(cage) of the screw press revolves a wormshaft. The 
configuration of the worm is such that the volume displacement 
at the feed end of the press is considerably greater than at 
the discharge end. Therefore, as material is conveyed from 
feed end to the discharge end, it is subjected to increasing 
pressure, and oil is expelled through slots between the cage 
lining bars. 
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A screw press can be utilized in two different ways in 
the extraction of oil from seeds. A full screw press 
extraction is when the screw press is used to removed as much 
oil from a oilseed as possible. Small choke settings are used 
to generate large internal pressures. Screw press can also be 
used in a pre-press operation where the screw press is used to 
remove only some of the oil in the seed leaving 15-20% 
residual oil in the presscake. Larger choke settings are used 
to avoid generating too much internal pressure and removing 
too much oil. The resulting presscake is then solvent 
extracted to remove the rest of the oil. Pre-pressing is 
typically used when extracting oilseeds with oil contents of 
greater than 35%. 
Cooking at moderate moisture contents helps to lower the 
viscosity of oil, further ruptures cells left undistorted by 
the flaking process, and denatures proteins which helps to 
further liberate oil in screw pressing. Denatured protein 
becomes coagulated which helps to break the normal oil 
emulsion within the highly extended surfaces of the seed (2). 
Denatured proteins help to generate more friction during screw 
pressing and facilitate higher back pressure while maintaining 
forward conveyance of cake. Cooking also helps coalesce the 
oil droplets into drops large enough to flow from the seed. 
38 
Generally after cooking, oilseeds are dried to 5-6% (3) 
which facilitates more efficient screw pressing by increasing 
friction since moisture acts as a lubricant. 
Previous commercial attempts to full screw press crambe 
seed have been disappointing. At a commercial crush at the 
Montana Vegetable Oil Company (Evans, MT) during fall of 1989, 
14.1% residual oil was left in the meal on a moisture-free- 
basis (mfb). This residual oil accounted for 47% of the total 
available oil and represented considerable economic loss. 
Typical values for residual oil contents in full screw press 
cakes of other oilseeds range 3-7%. Full screw pressing 
rapeseed (an alternate source of erucic acid oil) typically 
yields 3-5% residual oil in the cake (4). 
At Montana Vegetable Oil (MVO) Company, whole seed flakes 
were heated up to 108°C then pressed. These conditions are very 
different from those used with other oilseeds (5). For 
instance, typical cooking conditions for cottonseeds is to 
dehull, flake and rapidly heat to 88°C and inject steam to 
maintain 12-15% moisture. Slow heating continues until 108°C is 
reached to cook the seed. Additional heating is used to dry 
the flakes to 5-6% moisture by heating to 116-132°C with no 
addition of water and venting moisture vapor (6). More 
extensive cooking of oilseeds can result in dark oil and poor 
nutritive quality of the cake. We have hypothesized that poor 
oil recovery experienced at MVO was due to poor preparation 
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prior to pressing, including the high fiber content of crambe 
hulls, inadequate cooking and/or inadequate drying. The high 
fiber content of whole crambe seed has considerable potential 
to absorb oil and retain it during pressing. 
The objective of this study was to investigate cooking 
regimes for improving full screw press oil extraction of 
crambe seed by varying cooking temperature/time and moisture 
level by conducting laboratory trials to survey conditions. 
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MATERIALS AMD METHODS 
Seed 
The Committee for Agricultural Development, Ames, IA, 
provided 250 Kg (542 lbs) crambe seed, Bel Enzian variety. The 
seed was grown during 1990 at the Agronomy Research Center, 
Iowa State University, Boone, IA and had a moisture content 
(m.c.) of 9.1% at the time of use. 
Laboratory Processing Trials 
All pilot plant and laboratory screw pressing trials were 
conducted at the Oilseeds Research Facility of the Food 
Protein R&D Center, Texas A&M University, College Station, TX. 
Two different cooking regimes using dehulled and whole 
seed crambe flakes were evaluated in two different laboratory- 
scale screw presses. These two different cooking conditions 
were repeated using higher flake moisture contents of 14% me. 
A cooking treatment of heating flakes up to 108°C and then 
immediately pressing was done. Heating flakes up to 108°C took 
11 mins. The prolonged cooking treatment consisted of heating 
the flakes to 88°C, which took 4 min, then holding at 88°C for 
20 min. The flakes were then further heated to 122°-124°C which 
took 16 min (fig. 1). 
The crambe seed was cracked using a Blount/Ferrell Ross 
roller mill (Blount Inc., Buffington, IN). The diameter of the 
roll was 30.5 cm., the spiral was 0.5 cm per 1.0 cm, and the 
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distance between corrugations was 4 mm. Part (54 kg) of the 
cracked seed was aspirated by a Kice Multi-Aspirator, model 
6DT4 (Kice Industries, Inc, Wichita, KS) to separate the 
hulls. 
Cracked whole and dehulled seed were flaked to 0.010" 
(0.25 mm) using a Ferrel-Ross flaking roll (Oklahoma City, 
OK), having rolls 30.5 cm in diameter and 45.7 cm wide. 
Moisture content of the flakes was determined by using an 
O'haus Moisture Determination Balance, model 6010 (O'Haus 
Scale Corp., Florham Park, NJ). Water was then added to 27 kg 
(60 lbs) of flakes to raise the moisture content to a 
calculated 14%. The added water was finely sprayed on flakes 
in large plastic bags with the flakes being constantly mixed 
during water addition. After addition of water, the flakes 
were allowed to temper for 1.0 hr before conditioning. 
The flakes were conditioned (to 108 or 122°C) in a French 
single-stack batch cooker/dryer, model 1136, (The French Oil 
Mill Machinery Co., Piqua, OH). After conditioning, the flakes 
were immediately pressed in two different lab-scale presses. A 
Rosedowns screwpress, model 6-2881-10 (Rosedowns, LTD. Hull, 
England) and a 1/4 linear-scale Anderson Midget Press 
(Anderson International, Cleveland, OH) were used. 
Preliminary pressing trials were done with both presses to 
determine the tightest choke settings possible to maximize oil 
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recovery while avoiding plugging the presses. The choke 
setting was set initially for both presses and never changed. 
Samples of press cake for each cooking treatment were 
collected after steady flow rate of press cake leaving the 
presses was achieved (approximately 10 min). Three separate 
samples of approximately 5 kg were collected 2 min apart. 
Pilot Plant Trial 
A larger Anderson 1/2 Linear-Scale Super Duo Expeller was 
used to scale up one of the conditions deemed better from the 
laboratory work. Screw configuration was that which has been 
judged to be optimum for rapeseed based on experience. Press 
cake samples were collected as mentioned above. 
Analyses 
Moisture content of the press cake was determined by a 
one-stage ground grain moisture determination method (7). 
Samples were finely ground by using a Magic Mill III Flour 
Mill, model 100, (Magic Mill Co., Salt Lake City, UT). Samples 
(3 g) were placed into weighed metal pans with lids. The 
samples were heated at 130°C for 1.0 hr. The metal pans were 
weighed after cooling in a CaCl2 desiccator to determine 
moisture lost. Determinations were done in triplicate. 
Crude free fat contents of the press cake were determined 
in all samples by extraction with petroleum ether using a 
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Goldfisch extraction apparatus and A.O.A.C. method 14.089 (8). 
Finely ground samples (2.0 g) were extracted 5 hr in 
extraction thimbles. Determinations were done in triplicate. 
Fiber determinations were done by Woodson-Tenet 
Laboratories, Inc., Des Moines, IA. AOCS method Ba 6-84 was 
used (9). Samples were analyzed in duplicate. 
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RESULTS AMD DISCUSSION 
In both whole and dehulled seed prolonged cooking to 122°C 
did not enhance oil recovery over values obtained by 
cooking to 108°C (Tables 1-4). The results did not support our 
hypothesis that prolonged cooking of the flakes would enhance 
oil recovery from screw pressing. 
Higher moisture contents (14%) in the flakes prior to 
conditioning should enhance oil recovery in screw pressing 
because higher moisture favors protein denaturation. In whole 
seed flakes (29.1% oil, 5.7% m.c. basis), however, increasing 
TABLE 1. 
Lab-scale pressing of whole seed crambe flakes using the 
Anderson Midget Press* 
5.7 % Moisture6 14.0 % Moisture60 
108°C 122°C 108°C 12 2°C 
Residual oild (%,mfb) 8.8A 10.1B 11.3C 9.3B 
Fiber content*1 (%,mfb) 12.1 11.9 11.8 12.0 
Moisture content*1 (%) 5.8 3.2 4.5 2.3 
significantly different (P<0.05) 
bFlakes. 
'Calculated. 
dPress cakes. 
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TABLE 2. 
Lab-scale pressing of dehulled crambe flakes using the 
Anderson Midget Press* 
6.8 % Moisture1* 14.0 % Moisture1*' 
108°C 122°C 108°C 122°C 
Residual oild (%,mfb) 
Fiber content*1 (%,mfb) 
Moisture content*1 (%) 
9.4A 
4.8 
4.7 
29.8®® 
3.7 
2.6 
7.8A 
4.9 
5.7 
9.6A 
4.8 
4.3 
•Means in the same row with different superscripts 
significantly different (P<0.05). 
bFlakes. 
'Calculated. 
dPress cakes. 
®No press cake could be made. 
are 
TABLE 3. 
Lab-scale pressing of 
Rosedowns Press* 
whole seed crambe flakes using the 
5.7 % Moisture1* 14.0 % Moisture1*' 
108°C 122°C 108°C 122°C 
Residual oild (%,mfb) 
Fiber content*1 (%,mfb) 
Moisture content*1 (%) 
17.2A 
10.9 
4.2 
13.3A 
11.4 
3.2 
16.0A 23.1B 
11.1 10.1 
4.4 4.0 
•Means in the same row with different superscripts are 
significantly different (P<0.05). 
bFlakes. 
'Calculated. 
dPress cakes. 
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TABLE 4. 
Lab-scale pressing of 
Rosedowns Press* 
dehulled crambe flakes using the 
6.8 % Moisture1* 14.0 % Moisture**® 
108°C 122°C 107°C 122°C 
Residual oild (%,mfb) 18.8A 25.1B 2 0.2A 10. lc 
Fiber contentd (%,mfb) 4.3 4.0 4.2 4.8 
Moisture content*1 (%) 3.9 2.1 2.6 5.1 
•Means in the same row with different superscripts are 
significantly different (P<0.05). 
bFlakes. 
'Calculated. 
dPress cakes. 
moisture content did not enhance oil recovery in either press 
(Tables 1 and 3). In dehulled flakes (39.2% oil, 6.8% m.c.), 
increasing moisture content to 14% moisture favored oil 
extraction in both presses. Prolonged cooking to 122°C of 
dehulled flakes at 6.8% m.c. (as-is) dramatically reduced oil 
recovery. A dry powder, instead of a press cake, was produced 
in this trial. 
Total oil recovery was higher when pressing dehulled 
crambe flakes than whole seed flakes, for all cooking 
treatments except for the above-mentioned prolonged cook at 
6.8% m.c. The residual oil contents of the dehulled and whole 
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seed crambe press cake were, on average, very similar despite 
a 26% higher oil content in dehulled flakes. 
The Anderson press generally removed more oil from the 
flakes than did the Rosedowns press. No explanation was 
readily apparent for this difference other than inherent 
design or condition differences of the press. The Anderson 
press had, on average, twice the flow rate of the Rosedowns 
press. 
Better oil recovery was achieved using the Anderson press 
in these trials than at the crush at MVO (only the prolonged 
cook at 122°C of dehulled flakes at 6.8% m.c. was worse). 
Trials using the Rosedowns press were unable to improve on the 
oil recovery achieved at MVO with one exception (prolonged 
cook at 122°C of dehulled flakes at 14.0% m.c.). 
Pilot Plant Trial 
The cooking treatment used in this trial was based on 
approximations of residual oil contents found just previous 
with the laboratory-scale presses using whole seed flakes. 
Initially, prolonged cooking (as-is moisture content) appeared 
to have the highest oil recovery after pressing. Therefore, 
this one cooking condition was used with the Super Duo 
expeller to scale up to pilot plant size. 
Using the larger Super Duo expeller, the lowest meal 
residual oil level achieved was 8.9% from dehulled flakes 
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(Table 5). Under the same conditions, pressing whole seed 
flakes resulted in 15.8% oil. The hulls (47.1% fiber, 1.2% 
oil, 0% moisture basis) were not needed to generate friction 
TABLE 5. 
Screw pressing crambe flakes using the 1/2 linear-scale 
Anderson Super Duo Expeller* 
Dehulled 
6.8 % Moisture6 
122°C 
Whole 
5.7 % 
122°C 
seed 
Moisture6 
Residual oil' (%,mfb) 8.9A 15.8B 
Fiber content' (%,mfb) 4.8 11.1 
Moisture content' (%) 
. 
4.2 4.3 
significantly different (P<0.05). 
bFlakes. 
'Press cakes. 
during pressing. In fact, the large amount of fiber in the 
hulls decreased efficiency of oil removal when compared to 
pressing pure meats (2.8% fiber, 47.6% oil, mfb). The fiber in 
the hulls absorb some of the oil released during pressing 
therein creating higher residual oil contents. The residual 
oil contents in whole seed press cake produced were similar to 
that produced at the crush at MVO. Prolonged cooking to 122°C 
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did not improve oil recovery in pressing whole seed crambe 
flakes. However, pressing dehulled crambe flakes, under these 
conditions, resulted in improved oil recovery in comparison to 
the crush at MVO. Lower residual oil contents were achieved 
with dehulled flakes despite their higher initial oil 
contents 
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ABSTRACT 
Using aqueous 2-propanol (IPA) in Sequential Extraction 
Processing, both crambe oil and polar toxins can be removed 
from whole seed or dehulled collets. IPA was used at the 
azeotrope concentration of 91 v/v% and near its boiling point 
to extract oil from crambe collets in the first extraction 
sequence. Residual oil contents in the meal were 4.5%. In a 
second sequence, water was added to IPA to achieve different 
concentrations and increase polarity. The more polar solvent 
(the more water added), the more effective the extraction of 
toxic glucosinolates from the crambe collets. Extracting with 
higher water concentrations caused the extraction bed of 
collets to collapse, making solvent percolation and drainage 
impossible. Dehulling increased resistance of crambe collets 
to collapse. Extracting dehulled, deoiled crambe collets with 
50% IPA, in the second sequence removed 85% of the 
glucosinolates. Residual glucosinolate contents were reduced 
from 4.7 to 0.8% on a fat-free, moisture-free basis. 
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INTRODUCTION 
Meal composition 
Crambe meal has a high protein content which has been 
shown to be well balanced in essential amino acids and to be 
of good nutritional quality (1-3). Average compositions of 
crambe seed grown in different geographical regions on a 
moisture-free basis (mfb) is shown in Table 1. 
TABLE 1. 
Average compositions (mfb) of crambe seed and defatted meal* 
Whole seed Dehulled seed 
Defatted Defatted 
Fraction (%) (%) (%) (%) 
Oil 35.3 - 46.5 0.9 
Protein (N x 6.25) 20.1 31.1 25.8 48.7 
Crude fiber 14.3 22.1 3.6 6.7 
Ash 4.8 7.4 4.5 8.6 
Nitrogen-free extract 25.4 39.3 19.6 35.6 
Glucosinolates (%) 4.5-7 8-10 
‘Reference 4. 
Glucosinolates 
Glucosinolates are naturally occurring compounds that are 
found in the Cruciferae family. Glucosinolate concentration 
varies in concentration among the Crucifers. Crambe seed has 
on average 35% more glucosinolates than rapeseed (Table 2). 
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TABLE 2. 
Comparison of glucosinolate concentrations in canola, rapeseed 
and crambe meals 
‘Reference 4. 
bReference 5. 
‘Reference 6. 
Glucosinolates have been associated with bitter taste and 
pungent odor, but are not particularly deleterious themselves. 
However, in the presence of myrosinase (thioglucoside 
glucohydrolase, EC 3.2.3.1) and water, they degrade rapidly to 
give glucose, bisulfate, and an aglucon. The aglucon undergoes 
spontaneous rearrangement to produce isothiocyanates or, via a 
protonation mechanism at low pH, form toxic nitriles (Fig. 1) 
(7). It is these stable breakdown components remaining in the 
defatted meal that can cause decreased feed efficiency and, in 
high amounts, can cause goiters and hepatoxicity in livestock 
Glucosinolate content 
(oil-free, mfb) % 
Whole crambe seed* 
Dehulled crambe seed* 
Canolab 
Whole rapeseed0 
4.0 - 7.0 
8.0 - 10.0 
< 0.2 
1.1 - 6.0 
57 
IU 
CO 
o 
o 
z> 
-I 
0 
1 
Q 
+ 
FI
G.
 
1.
 
B
r
e
a
kd
ow
n 
p
a
t
hw
ay
 
o
f 
g
lu
co
si
no
la
te
s 
58 
fed the meal. Ruminants are more tolerant than monogastric 
animals to the antinutritional and/or toxic effects of these 
compounds. 
Currently, the Food and Drug Administration (FDA) 
restricts the use of crambe meal to a maximum of 4.2 % of the 
overall ration by weight for beef cattle (8). 
Myrosinase has been found in all plants that contain 
glucosinolates and has been detected in the gastro-intestinal 
tract of some animals (9). In plants, myrosinase is separated 
from the glucosinolates. The myrosinase is inside seed cells 
and the glucosinolates are in the parenchymal tissue between 
the cells. Only after the structural integrity of the seed is 
breached can hydrolysis of glucosinolates take place. An 
important consideration when processing crambe. 
Glucosinolates have several potential uses. In particular, 
compounds formed from the breakdown of glucosinolates have 
been found to inhibit the neoplastic effects of some 
carcinogens (10) . The exact mode of action of these sulfur 
compounds is unclear at present. Generally, it is believed 
that the beneficial effects are due to induction of enzymes 
involved with detoxification processes. Consumption of 
Crucifer vegetables have shown possible protective effect 
against colon and rectal cancer in humans (11). 
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Isothiocyanates are known to possess antifungal and 
antibacterial activities (11). In addition, nematocidal 
activity of glucosinolates has shown some promise and is being 
currently evaluated (12). 
Commercial extraction 
There were commercial crushes of crambe seed in the Fall 
of 1990 and 1991 at National Sun Industries (NSI), Inc., 
located at Enderlin, ND. This is a large extraction plant 
which is used to crush mainly sunflower seed and soybeans at a 
maximum capacity of 1,500 tons of soybeans per day. The crambe 
crushes involved pre-press, solvent extraction of whole seed 
and left 0.65% residual oil content in the meal. The protein 
level of the meal was 32%. NSI had great difficulty in selling 
the crambe meal, and it was greatly discounted on the basis of 
protein value. In 1990, the meal was sold for an average of 
$85/ton and in 1991, $25/ton. Based on current Midwestern 
soybean meal prices for 44% protein soybean meal of $150/ton, 
the crambe meal from NSI should be worth $125/ton. However, 
NSI had no trouble selling the crambe oil. The demand has 
exceeded their supply, therefore, contract acreage of crambe 
seed for National Sun has increased from 2,300 acres (930 
hectares) in 1990 to 16,000 acres (6,500 hectares) in 1992 and 
an estimated 64,000 acres (25,900 hectares) in 1993. 
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Alternative extraction strategies 
At the USDA Northern Regional Research Laboratories (now 
known as the National Center for Agricultural Utilization 
Research, Peoria, IL) trials were done using water washing to 
remove glucosinolates from crambe meal). Dehulled crambe seed 
was pre-pressed and hexane extracted. The defatted meal was 
toasted in the presence of 20-30% moisture to crisp the spent 
flakes. Crisping denatured protein, reduced protein solubility 
and improved cohesiveness for water washing. Crisped meal was 
slurried with 4 parts of water for 1 hr, filtered, then washed 
on a continuous belt filter with 3 to 6 additional parts of 
water. Residual glucosinolate levels in the meal ranged from 
0.3 to 0.6%. Water washing removed about 25% of the solids and 
18% of the protein (13). Other trials were conducted in which 
defatted crambe meal was treated with soda ash before water 
washing. Soda ash aided destruction and removal of 
glucosinolates. However, there was a 28% reduction in lysine 
(14) . 
Diosady et al. (15) patented an immersion-extraction 
process for extracting particulate materials. This process has 
been used on rapeseed to remove oil and glucosinolates. 
Rapeseed was ground in the presence of aqueous methanol- 
ammonia and mixed to form a slurry. This slurry passes 
downward through an extraction column to extract the 
glucosinolates. Hexane simultaneously moves counter-currently 
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to the slurry in the extraction column to extract the oil. The 
heavier aqueous methanol-ammonia fraction is collected at the 
bottom of the extraction column and the lighter hexane 
fraction is collected at the top where the solids and solvent 
can be recovered. Trials done showed that residual 
glucosinolate contents in the meals could be lowered to 2 
jumoles/g, and 96.0 to 99.5% of the total oil in the seed could 
be extracted. However, some of this oil was in the polar 
solvent phase which had to be re-extracted with hexane to 
recover it. It is questionable whether this process 
is practical for large scale extraction. There is an added 
disadvantage of using hazardous ammonia as a solvent in 
addition to the hexane. 
Alcohols have inherent advantages since at lower 
temperatures oil solubility is low. Therefore, lowering the 
temperature provides an effective means of recovering solvent 
from miscella without having to use distillation. This allows 
an energy savings of 25-30% over traditional hexane 
extraction (16). In addition, alcohols, like ethanol and 
IPA, have good oil solubility near their boiling points. 
In the early 1980's the Shell Oil Development Company 
developed a process using IPA for soybean and cottonseed oil 
extraction (Fig. 2) (17). This process involves chill 
separation to recover IPA from the miscella. Residual oil 
contents of 0.3-0.7% were achieved (17). 
62 
IIL ro acnaiM 
FIG. 2. Shell Oil process 
In 1980, Karnovsky (18) patented a 4-step extraction 
technique using ethanol to extract polar compounds, such as 
gossypol, phosphatides, fatty acids and aflatoxins in addition 
to extracting oil from cottonseed (Fig. 3). In the first 
extraction step, 60-85% ethanol was used to extract polar 
compounds, such as aflatoxin. The second step was a buffering 
step to displace dilute ethanol with concentrated ethanol. In 
step three, the majority of the oil was extracted with 95% 
ethanol and the ethanol was recovered by chill separation. 
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CXTIMCTCO 
FIG. 3. Karnofsky process 
Step three used high solvent:meal ratios, 3 to 5 parts:1. 
Residual oil levels in the meal of 2-4% were high because the 
hold-up was in equilibrium with the light phase which contains 
around 2% oil. In the fourth step, 95% ethanol, in lower 
solvent to meal ratio, 1 to 2 parts:1, was used to extract the 
residual oil. The solvent was reclaimed by distillation. 
Sequential extraction process (SEP) extracts both lipids 
and toxins with one solvent (Fig. 5) (19). Lipid material is 
extracted in the first extraction sequence. Chill separation 
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System 
GLUCOSINOLATES 
and SUGARS 
FIG. 4. Sequential extraction processing 
is used to recover this lipid material in the miscella and 
recycle the solvent (light phase). Polar toxins are extracted 
in the second sequence using a higher water:solvent mixture 
with a lower solvent:flake ratio The extracted materials are 
recovered by evaporation. The sequential extraction process 
may provide an economically feasible method to detoxify crambe 
meal. 
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MATERIALS AMD METHODS 
Seed 
Crambe seed, variety Meyer, was obtained from the Agronomy 
Research Center, Iowa State University, Boone, IA. The seed 
was grown during the 1987 crop year. Moisture content of the 
seed at the time of receipt for extraction trials was 9.5 %. 
Seed preparation 
Before expanding, crambe seed was cracked by using a 
Blount/Ferrell-Ross Roller Mill (Blount Inc., Buffington, IN), 
with cracking rolls of 30.5 cm diameter, spiral of 0.5 cm per 
1.0 cm, and 4 mm between corrugations. The gap setting was 
7/64" (0.28 cm). Half of the cracked seed was dehulled by 
aspirating with a Kice multi-aspirator, (Kice Industries, Inc. 
Wichita, KS), model 6F6, using medium air velocity, 1970 
ft3/min (55,700 m3/min) . Whole seed and dehulled seed were then 
flaked to 0.010" (0.025 mm) by using a custom made Ferrel Ross 
Flaking Roll, (Ferrel Ross Co., Oklahoma City, OK.), which had 
rolls 30.5 cm in diameter and 45.7 cm wide. The dehulled and 
whole seed flakes were then heated to about 75°C. The flakes 
then were fed into a 4 1/2" Anderson pilot plant-scale 
expander, (Anderson International, Cleveland, OH), at 2.3 
kg/min. The expander screw speed was 280 rpm and the operating 
barrel temperature was 85-88°C. A 1/4" die was used to form the 
collets. The discharge temperature after flash cooling was 
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79°C. An oil cage was added to the expander to make pure meat 
collets. The oil cage removed 25.1 % of the oil. The oil 
content of whole seed and dehulled crambe collets were 27.2 
and 31.2 %, respectively. 
Expanded collets were used in this study because the 
crushing industry is quickly adopting this new preparation 
procedure. Collets increase extractor capacity (20) and reduce 
energy demand (21). Collets have a greater bulk density and 
are more porous than flakes. This allows for good solvent 
percolation and drainage during extraction. The dehulled 
collets can remain relatively intact at higher water to 
solvent ratios, more so whole seed collets. 
Extraction 
In the first sequence of SEP, IPA, (HPLC grade) was used 
at the azeotropic level (91 v/v %). A 7:1 solvent to collet 
weight ratio was used. The primary purpose of this extraction 
was to remove the oil from the collets. The extractions were 
done at 79°C to maximize oil solubility in the IPA. The boiling 
point of IPA 91 v/v % is 80.5°C. 
A second sequence of countercurrent extractions followed 
wherein a lower concentration of IPA was used to remove the 
polar glucosinolates from defatted crambe collets. A 2:1 
solvent to meal weight ratio was used. Several concentrations 
of IPA and water were examined to identify the best level for 
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glucosinolate removal with minimum bed collapse of the crambe 
collets. These extractions were also done at 79°C. 
A battery of 6 micella stages were used to extract crambe 
collets in each of the first and second extraction sequences 
(Fig. 5 and 6) (19). Extraction by each miscella stage 
consisted of continuously pumping the miscella for 6 min on 
top of a 8.25-cm extraction bed through which it percolated 
while always maintaining 0.64 cm solvent depth over the bed. 
The lab-scale extractor used for both extraction sequences is 
depicted in Fig. 8 (19). Between extractions, there was a 3- 
min draining period to remove most of the solvent (except for 
static hold-up by the bed). All miscella stages were collected 
and reused the following day in the next cycle of extractions 
(in the same order in which they were collected after 
advancing one stage). Therefore, a gradient of decreasing oil 
content in consecutive miscellas was formed. An equilibrium 
was reached after six extractions prior to data collection 
where the oil content in each miscella stayed constant. 
Countercurrent extraction was simulated by extracting new 
crambe collets first with the most oil-laden miscella and 
subsequent extractions with miscellas having consecutively 
less oil contents. This method of batch advance was done in 
both extraction sequences. 
However, there were several differences between the 
extractions of the first and second sequences. The first 
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FIG. 6. Flow scheme in second extraction sequence 
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FIG. 7. Flow scheme of lab-scale extraction apparatus 
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sequence, the last miscella was chilled separated for 12 hr at 
4°C. The heavy oil-rich phase (90% oil) was separated by 
decanting from the light solvent phase (5% oil by weight). The 
oil in the heavy phase was discarded. At the end of each 
extraction cycle, 96 mL of fresh solvent was poured over the 
bed. Drainage was collected and added to the light phase to 
form the sixth miscella of the next cycle. This was to 
compensate for the solvent hold up of the bed and solvent 
contained in the heavy phase. These would be reclaimed by meal 
evaporation and stripping of solvent from the heavy phase. In 
stage I, the miscellas starting with the first stage and 
proceeding on to the sixth, have decreasing volumes because of 
their decreasing oil contents. 
The second extraction sequence did not involve chill 
separation of the full miscella (first miscella relative to 
collets, last miscella relative to solvent). The entire full 
miscella was removed after each cycle and the sixth miscella 
is new solvent. The volumes of all stages of miscella were the 
same. However, because of the hold up of 91% IPA in the bed, 
the resulting concentrations of IPA actually being percolated 
in stage II were higher than the incoming solvent. Using 80, 
60 and 35.5% v/v IPA in the second sequence gave effective 
concentrations of 83, 67 and 50% v/v IPA, respectively. 
Six extraction cycles were run to achieve steady-state 
and equilibrium in the miscella stages. After equilibrium was 
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reached, meals were air dried to remove solvent and analyzed 
for residual oil, residual glucosinolates, solvent hold-up, 
volatiles, moisture and protein contents at the end of each 
extraction cycle. 
Analyses 
Moisture contents were determined by using the one-stage 
ground grain moisture determination method (22). Samples were 
finely ground by using a Magic Mill III Flour Mill, (Magic 
Mill Co., model 100, Salt Lake City, UT). Samples (3 g) were 
placed into weighed metal pans with lids. The samples were 
heated at 130°C for 1 hr. The metal pans were weighed after 
cooling in a CaCl2 desiccator to determine moisture lost. 
Determinations were done in triplicate. 
Crude free-fat contents of collets and meal were 
determined in all samples by extraction with petroleum ether 
using a Goldfisch extraction apparatus and A.O.A.C. method 
14.089 (23). Finely ground samples (2.0 g) were extracted 5 hr 
in extraction thimbles. Determinations were done in 
triplicate. 
Solvent hold-up was approximated by the difference of the 
weight of the meal at the end of the extraction procedure, 
where the meal drained for 5 min by gravity in the glass 
extraction receptacle, and the weight of the meal after drying 
under a fume hood for 12 hr at room temperature. 
73 
Moisture contents of the miscella was determined by the 
Karl Fisher titration by using ASTM standard method E 203-75 
(24) . 
Glucosinolate determinations are subject to high 
variability: thus, two methods were employed, a colorimetric 
procedure and a gas chromatography (GC) method. All 
glucosinolate determinations were done in quadruplicate. The 
colorimetric method was done by isolating intact 
glucosinolates. This method was developed has the advantage of 
measuring all glucosinolates present (25). A water suspension 
of ground defatted meal was passed through small columns using 
DEAE-sephadex A-25 in the presence of excess acetate buffer. 
The sephadex was in the acetate form by previous addition of 
0.5 M pyridine acetate. After washing the column with formic 
acid, followed by water, the column was eluted with KS04 
solution. The amount of glucosinolate in the eluate was 
determined colorimetrically based on the reduction of 
thioglucose by sulfuric acid (77%) hydrolysis in the presence 
of phenol (1 w/v%). 
The GC method determines only aliphatic glucosinolates not 
indolyl glucosinolates, therefore, doesn't determine the total 
glucosinolate content. This GC method was based on method 
developed by Thies (26). The glucosinolates were extracted 
with boiling water from the meal whereby the glucosinolates 
were enzymatically desulfonated prior to derivatization and 
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subsequently volatilized on a micro scale (26) . This method 
increases sensitivity and eliminates problems associated with 
the production with the formation of sulfuric acid during the 
derivatization process (27). 
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RESULTS AND DISCUSSION 
Oil extraction (first sequence) 
In SEP, oil must be recovered with high efficiency in the 
first sequence. In the case of oil extraction from whole 
crambe seed (Table 3), the residual oil contents of the meals 
averaged 3.7 and 5.5% in two separate trials. In the case of 
dehulled crambe collets (Table 4), where the oil content in 
the feed was increased from 27.2 to 31.2% by dehulling, the 
residual oil content of the meal was 8.5%. These values were 
considerably higher than those observed by Hassanen (19) using 
SEP to extract cottonseed. Despite incomplete extraction our 
work demonstrates that SEP using 91% IPA can successfully, 
albeit incomplete, extract oil from crambe. We anticipated 
that extraction of crambe oil would be more difficult with IPA 
than from soybeans or cottonseed because of the more non-polar 
nature of crambe oil. Crambe oil contains predominantly 
erucic acid, a C22 fatty acid (compared to C18 fatty acids of 
soybeans and cottonseed. The longer chain of erucic acid 
reduces polarity and solubility in polar solvents, such as 
IPA. 
We attribute the high residual oil contents of SEP meals 
to the high oil content of the light phase used for the next 
to the last wash. We measured the residual oil content of the 
light phase to be about 5%. This level is considerably greater 
than the 2% level normally observed for soybeans and 
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TABLE 3. 
Residual oil contents after SEP of whole seed crambe collets 
Oil content (%, mfb) 
Unextracted, 
whole seed crambe collets 27.2 
1st Sequence, 91% IPA 3.7 
2nd Sequence, 83% IPA 1.5 
1st Sequence, 91% IPA 5.5 
2nd Sequence, 62% IPA 4.5 
Means with common superscripts are not significantly different 
(P<0.05). 
TABLE 4. 
Residual oil contents after SEP of dehulled crambe collets 
Oil content (%, mfb) 
Unextracted, 
dehulled crambe collets 31.2A 
Is* Sequence, 91% IPA 8.4B 
2nd Sequence, 50% PA 9.9B 
Means with common superscripts are not significantly different 
(P<0.05). 
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cottonseed oils (28). We had expected lower values than those 
observed from soybeans and cottonseed because of the lower 
polarity of erucic acid compared to C18 vegetable oils. The 
actual residual oil contents after extraction with light phase 
(but before final wash) must exceed the amount contained in 
the light phase being used for extraction. It was not possible 
to extract the remaining oil with one wash stage at a low 
solvent meal ratio. 
Since oil solubility in IPA is water dependent (more 
dilute IPA dissolves less oil at a given temperature), as well 
as temperature dependent, it is important that moisture not 
transfer from the collets to the bulk solvent. The average 
moisture content of the crambe collet feed was 4.0%. This was 
apparently less than the equilibrium moisture content with 91% 
IPA because the moisture content of the IPA changed from 91 to 
94.3% during the course of the extraction. This would favor 
oil extraction but reduce oil recovery upon chill separation. 
Thus, we speculate that the higher residual oil content of the 
light phase was due to drying of the IPA that allowed more oil 
to remain in solution during chill separation. 
If this is so, we could enhance oil recovery in three 
ways: add additional stages for washing with solvent recovered 
by evaporation; rectify the full miscella (readjusted to 91%) 
before subjecting chill separation in order to favor lower oil 
solubility: and/or employ reverse osmosis prior chill 
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separation. The second approach would consume less energy but 
increase management skills. The third would increase capital 
investment. Using reverse osmosis would allow as much as 75% 
of the solvent to be recovered nearly oil free, which could be 
remixed with the remaining solvent in the light phase from 
chill separation. Doing so could reduce the oil concentration 
of the light phase to about 1-1.5%, an amount that could be 
extracted in the final wash (solvent recycled from meal 
desolventization and heavy phase evaporation. An economic 
analysis would be required to determine which strategy is more 
practical. 
The primary objective of the second sequence was to 
extract glucosinolates, not oil. However, some oil was 
extracted in the second sequence as indicated by residual oil 
contents ranging from 1.5 to 4.5% for whole crambe collets. 
The oil extracted in the second sequence is lost in the 
present process. Separation of oil from glucosinolates would 
require liquid-liquid extraction and add considerable 
processing costs. Additionally, this oil is expected to be 
high in non-triglyceride lipids, such as phosphatides, that 
would increase refining loss. 
Glucosinolate extraction (second sequence) 
The glucosinolate levels were reduced in the second 
sequence using dilute IPA (Tables 5 and 6). Glucosinolates are 
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polar molecules and more polar solvents favor their 
extraction, thus the more water added to the IPA, the better 
the extraction. As expected, little extraction of 
glucosinolates occurred during the first sequence using 91% 
IPA. Glucosinolates were not extensively extracted from 
defatted whole crambe collets using 83% IPA; but substantial 
extraction was achieved using 62% IPA. Over one-half of the 
TABLE 5. 
Residual meal glucosinolate levels after SEP of whole seed 
crambe collets 
Colorimetric GC 
(%) (%) 
Unextracted, 
whole seed crambe collets 4.9A 3.2A 
SEP 
1st Sequence, 91% IPA 4.3AB 
2nd Sequence, 83% IPA 3.8B 3.2A 
1st Sequence, 91% IPA 3.9B 
1.5B 2nd Sequence, 62% IPA 2.8C 
Hexane/water wash 
3.4B 1st Sequence, 100% Hexane 
2nd Sequence, 100% Water 0.0° o
 
• o
 c 
Means with common superscripts are not significantly different 
(P<0.05). 
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TABLE 6. 
Residual meal glucosinolate 
crambe collets 
levels after SEP of dehulled 
Colorimetric GC 
(%) (%) 
Unextracted, 
dehulled crambe collets <J1
 
• <J
1 > 4.7B 
1“ Sequence, 91% IPA 
highly variable 
4.3B 
2nd Sequence, 50% IPA 0.8C 
Means with common superscripts are not significantly different 
(P<0.05) . 
glucosinolates were extracted achieving 1.5% residual 
glucosinolates. By comparison water washing achieved complete 
extraction (to a nondetectable level). However, water washing 
hexane defatted crambe add expense due to higher drying costs 
and an added desolventization step. 
Adding more water to IPA (more dilute than 83%) to 
further increase polarity caused the extraction bed to 
collapse when using whole crambe seed. The collets "melted" 
becoming "mud." This sealed off the bed preventing percolation 
of solvent and caused large quantities of dispersed solids in 
the solvent. In order to stabilize the bed and make it more 
resistant to collapse in the presence of high proportions of 
water, a set of extraction trials using dehulled crambe were 
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undertaken. Collets prepared from dehulled crambe seed had 
improved resistance to collapse, and would tolerate as much as 
50% water content in the IPA. This allowed more complete 
extraction of glucosinolates, achieving a residual level of 
0.8%. This is an 85% reduction from the feed material. 
The aqueous IPA solvent hold-up in the crambe collets 
increased with increase of water content. The solvent hold-up 
of 91% IPA, in whole seed crambe collets, was 43.1% in 
comparison to 53.8% for 83% IPA. Solvent hold-up of 50% IPA in 
dehulled crambe seed collets was 77.2%. By comparison, solvent 
hold-up in hexane extracted dehulled crambe seed collets was 
22.0%. Therefore, using aqueous IPA requires more energy costs 
to desolventize than hexane due to it higher latent heat of 
evaporation and higher percentage of solvent hold-up. 
It is not certain what level of reduction would be 
required to enhance the value of the meal and make 
glucosinolate extraction practical. However, for comparison, 
canola meal contains < 0.2% glucosinolates. The key to making 
SEP practical for glucosinolate removal from crambe will be 
finding uses for glucosinolates, otherwise disposal may be 
prohibitively expensive. However, research is underway to 
explore insect control activities of glucosinolates whose 
chemical structure is similar active ingredients in some 
insect control preparations, especially nematodes. 
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GENERAL SUMMARY 
Crambe has potential to be a useful oilseed crop. The need 
for high erucic acid oil can be readily met with crambe grown 
domestically. The hull can be easily decorticated and 
separated from the meat. This allows production of a 44% 
protein meal that may compete with soybean meal. Residual oil 
content in full screw press meal is fairly high even with 
improved preparation compared with other oilseeds. Solvent 
extraction is a more effective way to recover crambe oil. 
Sequential countercurrent extraction with 2 different 
concentrations of alcohol/water did recover substantial 
quantities of oil and reduced, by 85%, the glucosinolate 
contents to detoxify the meal. Being able to market crambe 
meal in poultry and swine rations would greatly improve the 
economics of producing and processing crambe. 
Future efforts should consider using more extraction 
stages than the 6 stages per sequence used in this study to 
enhance both oil and glucosinolate extraction. In addition, 
using a membrane to remove nearly-oil-free IPA by reverse 
osmosis from part of the solvent before chill separation or 
rectifying the full miscella to compensate for solvent drying 
may help to lower residual oil contents in the meal. 
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MASS BALANCE FORMULAE. 
Formula for calculating % hulls in meats at 0% moisture 
content (m.c.): 
% hulls in meats = 100(meats protein 0 % m.c. - protein in 
pure dissected meats 0% m.c.) / (protein in pure dissected 
hulls 0% m.c. - protein in pure dissected meats at 0% m.c.) 
Formula for calculating % meats in hulls at 0% m.c.: 
% meats in hulls = 100(hull protein 0% m.c. - protein in pure 
dissected hulls 0% m.c.) / (protein in pure dissected meats 0 
% m.c. - protein in pure dissected hulls at 0% m.c.) 
Formula for adjusting hull contents for a given meal protein 
content at 12% moisture: 
Mass hulls added = protein level(fraction) * mass meats * 
((1.01 - oil in meats(fraction)) - 0.88((mass meats * protein 
of meats(fraction)) / 0.88((protein in hulls(fraction)) - 
protein level(fraction) * (1.01 - oil in hulls(fraction) 
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Table Al. 
Moisture, protein and oil contents of meat and hull fractions 
in dehulling trials. 
Sample Moisture 
(%) 
Protein 
(%) 
Oil 
(%) 
Hull fractions 
Roller mill, 
1) 7/64", 
• 
• 
aspiration: 
low 8.40 10.13 6.35 
2) 7/64", low 8.40 9.80 5.18 
3) 7/64”, low 9.77 8.40 4.08 
4) 7/64”, medium 7.34 11.95 10.16 
5) 7/64", medium 9.23 11.30 6.36 
6) 7/64”, medium 6.56 10.97 7.63 
7) 7/64”, high 7.12 17.04 16.95 
8) 7/64”, high 8.13 17.83 18.38 
9) 7/64", high 7.86 15.81 16.08 
10) 6/64”, low 8.42 11.06 6.32 
ID 6/64", low 8.93 11.60 5.78 
12) 6/64”, low 8.65 9.56 5.56 
13) 6/64", medium 8.88 13.03 11.26 
14) 6/64", medium 7.21 13.71 13.40 
15) 6/64", medium 3.77 14.16 12.98 
16) 6/64", high 6.11 21.19 23.28 
17) 6/64”, high 2.16 19.87 23.61 
18) 6/64", high 6.07 18.99 21.25 
19) 5/64", low 5.14 12.88 8.94 
20) 5/64", low 6.94 12.64 7.94 
21) 5/64", low 9.84 12.47 7.86 
22) 5/64", medium 7.99 14.77 12.88 
23) 5/64", medium 7.13 14.42 12.97 
24) 5/64", medium 6.91 15.47 14.02 
25) 5/64", high 5.31 19.19 21.69 
26) 5/64", high 2.03 18.13 22.78 
27) 5/64", high 6.06 20.83 24.12 
Impact mill, 
28) 1750, 
aspiration: 
low 7.49 13.77 7.49 
29) 1750, low 6.76 13.89 8.41 
30) 1750, low 8.03 12.59 7.79 
31) 1750, medium 6.68 13.63 11.31 
32) 1750, medium 7.87 12.22 10.11 
33) 1750, medium 6.18 13.74 10.45 
34) 1750, high 4.64 17.30 19.08 
35) 1750, high 5.71 15.99 17.35 
36) 1750, high 6.00 15.73 17.12 
37) 2100, low 5.03 15.07 10.42 
38) 2100, low 5.24 13.54 9.03 
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Table Al. (continued) 
Sample Moisture Protein Oil 
(%) (%) (%) 
39) 2100, low 2.80 13.83 9.26 
40) 2100, medium 3.47 15.52 11.98 
41) 2100, medium 5.33 13.21 10.17 
42) 2100, medium 5.37 13.40 11.30 
43) 2100, high 1.75 17.31 17.62 
44) 2100, high 4.72 18.14 16.77 
45) 2100, high 6.03 19.13 19.99 
46) 2400, low 6.03 15.46 11.55 
47) 2400, low 4.81 16.97 13.66 
48) 2400, low 8.24 17.98 13.37 
49) 2400, medium 5.72 15.42 13.62 
50) 2400, medium 2.45 14.33 14.64 
51) 2400, medium 5.70 11.74 14.43 
52) 2400, high 5.22 17.17 18.67 
53) 2400, high 6.51 21.32 22.60 
54) 2400, high 6.42 19.44 22.04 
Meats fractions: 
Roller mill, aspiration: 
1) 7/64", low 4.43 29.31 40.65 
2) 7/64", low 3.52 26.23 39.55 
3) 7/64", low 5.15 27.93 40.65 
4) 7/64", medium 3.84 30.55 42.39 
5) 7/64", medium 3.55 30.42 42.72 
6) 7/64", medium 3.50 30.59 42.82 
7) 7/64", high 3.27 29.83 42.71 
8) 7/64", high 4.60 30.34 42.69 
9) 7/64", high 3.06 29.72 42.86 
10) 6/64", low 2.98 28.76 40.83 
ID 6/64", low 3.20 26.94 39.91 
12) 6/64", low 3.89 28.10 40.19 
13) 6/64", medium 3.27 30.12 43.05 
14) 6/64", medium 2.43 30.40 43.76 
15) 6/64", medium 3.76 30.39 44.17 
16) 6/64", high 2.66 30.48 29.67 
17) 6/64", high 1.98 29.98 44.73 
18) 6/64", high 2.72 30.66 44.57 
19) 5/64", low 4.18 28.30 38.64 
20) 5/64", low 4.17 32.07 40.48 
21) 5/64", low 4.63 29.06 42.33 
22) 5/64", medium 4.24 30.86 43.96 
23) 5/64", medium 2.77 29.86 42.76 
24) 5/64", medium 2.82 29.80 44.36 
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Table Al. (continued) 
Sample Moisture 
(%) 
Protein 
(%) 
Oil 
(%) 
25) 5/64", high 2.29 30.46 45.18 
26) 5/64", high 2.24 34.10 44.39 
27) 5/64", high 2.03 30.34 45.32 
Impact mill, aspiration: 
28) 1750, low 5.76 26.93 37.24 
29) 1750, low 5.03 26.59 26.67 
30) 1750, low 5.06 27.69 38.06 
31) 1750, medium 4.70 28.74 42.39 
32) 1750, medium 4.61 29.24 41.01 
33) 1750, medium 5.48 29.58 40.40 
34) 1750, high 4.96 29.98 42.24 
35) 1750, high 4.60 30.37 41.17 
36) 1750, high 4.69 30.15 42.25 
37) 2100, low 5.45 27.89 38.24 
38) 2100, low 5.54 25.90 35.24 
39) 2100, low 4.70 27.13 37.75 
40) 2100, medium 4.88 28.62 41.30 
41) 2100, medium 4.84 26.13 42.22 
42) 2100, medium 4.88 29.62 41.69 
43) 2100, high 4.82 32.45 43.32 
44) 2100, high 5.03 30.61 43.32 
45) 2100, high 5.00 30.23 43.46 
46) 2400, low 2.68 26.49 38.10 
47) 2400, low 4.62 26.80 37.97 
48) 2400, low 5.08 26.77 37.37 
49) 2400, medium 4.73 30.02 44.14 
50) 2400, medium 2.96 29.54 43.31 
51) 2400, medium 3.12 31.32 43.15 
52) 2400, high 3.10 29.44 44.25 
53) 2400, high 4.67 31.11 44.84 
54) 2400, high 4.67 30.19 44.58 
